Discussion is given on the relations between the Landau parameters and the isoscalar giant (quadrupole-and monopole-) resonance energies by using general density-dependent interactions. In the limit of infinite nuclear matter, the isoscalar giant quadrupole energy is shown to depend not only on the effective mass but also on the Landau parameter F2.
Over the recent years there has been growing interest m the understanding of giant resonances (G.R.'s) in nuclei. Many theoretical studies have been carried out by the use of the Skyrme interactions. 1 J The Skyrme force is highly schematic and to be understood as a very special average of the nuclear reaction matrix over the occupied states of the Fermi sea. 2 J It is, therefore, desirable to investigate the properties of G.R.'s by using more realistic effective interactions in order to obtain further understanding of the G.R.'s especially in connection with the fundamental nuclear forces.
Giant resonances are regarded as collective modes exposing bulk motions of nuclei, and so we can expect that the G.R. energies are related to the properties of nuclear matter. In a recent short note, 3 J we have found a general expression, which holds in the nuclear matter limit, for the isoscalar giant quadrupole resonance (ISGQR) energy in terms of the Landau parameters. *J It is straightforward to give a similar expression for the isoscalar giant monopole resonance (ISGMR) energy, since we know the familiar relation 4 J between the nuclear matter incompressibility and the Landau parameters. In this paper, we present a thorough derivation of the expressions in the case of density-dependent finite-range forces so that we can investigate the G.R. energies with realistic effective interactions. On the basis of these results, we study the collective energies of ISGMR and ISGQR in 16 0 and 4°C a obtained by the (self-consistent) scaling-and the constrained HartreeFock (CHF) -methods, and show that the dependence of these energies on the effective interactions is essentially determined by the Landau parameters. We use the finite range and density-dependent G-0 force of Sprung and Banerjee, 5 l which was derived from the nuclear matter theory and successfully applied to the HF description of the ground state properties of nuclei. 6 l Besides this interaction, we also use three different effective interactions; B1-force, 7 l Skynne SIII and SV forces. 8 l Comparison of the results obtained from different interactions will give an insight into the relations between the G.R.'s and properties of effective interactions.
Theorems provided in Refs. 9) ~ 11) enable us to understand the collective energies in terms of the RPA energy moments. These theorems have been proved originally in the case of density-independent forces, and it is not obvious that they continue to be valid for general density-dependent interactions. \Ve examine, in § 2.1, this problem and show that these theorems still hold in the case of the local density-dependent finite range interactions. In § 2.2 the scaling incompressibility and "quadrupole indeformability" are represented in analytic forms, by the use of which we derive, in § 3, the expressions for the G.R. energies in the nuclear matter limit in terms of the Landau parameters. Section 4 is devoted to a description of the HF calculation. In § 5 numerical results are presented and discussed in relation with properties of the effective interactions. Section 6 summarizes main results of this paper. § 2. Density-dependent interactions and RP A-moments 2.1. RPA-mornent theorems RP A energy-weighted moments are defined by where 1< is an integer, In) denotes the RPA eigenstate with excitation energy En-Eo and Q(=:EiQi) is a one-body operator. For odd k and a hermitian Q, mk (Q) is expressed as follows:
where A and B are the RPA matrices of Hamiltonian I-I. This yields
The Thouless theorem was originally proved in the case of density-independent interactions. The use of density-dependent interactions, however, introduces a new feature; the RPA Hamiltonian matrices constructed from density-dependent interactions involve rearrangement contributions, and so H(RPA) which generates A and B is not equal to H and does not even have the form T+ V(RPA) . 10 > It is, therefore, not obvious that this theorem continues to hold.*> We now show that Eqs. (2 · 4) and (2 · 5) still remain valid for a spin-isospin-independent local operator Q and finite range density-dependent interaction of the following form:
where]P 8 T (1, 2) stands for the projection operator on each spin-isospin state, p (r) the local density and a the power of density-dependence. As is noted above, the expression of V is rigorous only for the case of evaluating total energy of a state represented by a Slater determinant. The G-0 force devised by Sprung and *> This problem has been resolved by Martorell"> as well as by Blaizot and Gogny"> for zerorange density-dependent interactions. with p (r) the density operator. Here and in the following the indices p,, P 2 and h~> h2 , h, h' refer to unoccupied and occupied single-particle states, respectively. We use the letters a and b to denote both unoccupied and occupied single-particle states. In Eq. (2 · 9) Sa is the HF single particle energy given by (a! (T+ UR) !b)+ 2:::; (ah! V!bh)As = eaOab.
The form of the rearrangement HF potential UR is given in § 4. Here we only point out that UR is a local potential.
By the construction of A and B, we see that the relation (2 · 7) holds for general density-dependent forces and the second derivative of the energy with respect to the parameter A along the path generated by a one-body anti-hermitian operator F is expressed as follows:
*l In the DDHF calculation of Campi and Sprung'l the local density employed in the densitydependent interaction has an isospin-dependence. For the sake of simplicity, this dependence is neglected in the argument of this section.
where p, (F) stands for the density constructed from the state e'FI ¢0). We now consider m1 (Q) with a local operator Q. By the use of Eqs. (2 · 2) and (2 ·13), m 1 (Q) is written as
We note that the "gauge transformation" ei•Q I ¢0) induces no change in the local density, i.e., p, (r; iQ) =Po (r). Equation (2 ·14) reduces to
This leads to Eq. (2 · 4) for a spin-isospin-indepen dent local operator Q and the effective interaction (2 · 8).
We next study m 3 (Q). Consider the matrix elements (AQ-BQ*) p,h,· As is illustrated in the Appendix, the terms involving rearrangement P-h interactions cancel out in this matrix element and we get (2·16) By using the HF condition (2 ·12) and the fact that UR is a local operator, we
This, together with Eqs. (2 · 2) and (2 ·13) , leads to
In this way, it has been confirmed that Eq. (2 · 5) remains still valid for the local density-dependent interaction (2 · 8).
Description of scaling
In the scaling method/ 0 ' the collective path is prescribed by the scaling generator DL: 
As has been shown in § 2.1, the RP A moment theorems still hold for the local density-dependent interactions, so that the identification of the collective energies with the RP A moments 10 
where PNM is the saturation density of nuclear matter, PNM= (2/3n 2 ) k/, and we have introduced direct-and exchange-interactions by
(3·6)
S,T
Note that only the exchange interaction contributes to F 1+0 and that F 0 is influenced by the rearrangement effects.
We first consider the "quadrupole indeformability" K/ 0 in the limit of the spin-isospin symmetric nuclear matter. Neglecting the Coulomb force contribution and assuming the spin-isospin saturation of l¢0), we express the interaction terms m AKQsc (Eq. (2 · 28)) in the form of coordinate space integrals involving Po (r1), Po (r,) and Po (r1, r 2) . After going to the limit:
with S (kFr) being the familiar Slater function, we carry out the integration by parts. The contribution from the direct interaction vanishes and we are left with W ong 19 ) as well as by Brink and Leonardi.' 0 ) We now proceed to the case L = 0. In the nuclear matter limit the saturation condition (2 · 27) becomes In this section we have derived the relations (3 ·10) and (3 · 14) by using the effective interaction V(1, 2) in Eq. (2·8). Validity of these relations is, however, not restricted to the case of local effective interactions; they hold for any effective interactions such as velocity-dependent interactions. § 4. Description of the calculation
In the numerical calculation below, we use the following four different effective interactions:
(1) the renormalized version 6 J of G-0 force; 5-range Gaussian interaction with density-dependent terms (a= 1/6), (2) B1 force of Brink and Boeker ;n density-independent 2-range Gaussian interaction, (3) the density-dependent (a= 1) Skyrme force SIII 8 ) and (4) the density-independent Skyrme force SV. 8 ) The single particle wave functions, </Ja (r), are obtained by solving the HF equations in the coordinate space representation, and used to evaluate the collective energies of ISGMR and ISGQR in 16 0 and 4°C a. With the center-of-mass correction incorporated, the HF equation is represented by
X (</Ja(r1)</Jn(r2) -<f;n(r1)</Ja(r2))d 3 r 2 +URh)</Ja(r1) =ca</Ja(r1), (4·1)
where </Ja (r) is to be regarded as a spinor in the spin-isospin space, and UR (r1) is the rearrangement potential coming from the variation of the density in the effective interaction:
This potential is important to reproduce the saturation properties of nuclei. 22 J,eJ We notice that for the effective interaction (2 · 8) the rearrangement potential is a local operator in contrast with the ordinary HF potential. This feature originates from the fact that such an effective interaction depends on nuclear structure only through the local density, and has played an essential role in the argument of § 2.1. (1) We subtract the center-of-mass kinetic energy including the Pi· Pi terms from the Hamiltonian, and the variation is carried out with this C.M.-corrected Hamiltonian ( Eq. ( 4 ·1)) . In solving the HF equation, we directly treat the integradifferential equation by iteration method instead of introducing the equivalent local potentiaL (2) In addition to the density-dependence, G-0 force has starting-energy-dependent terms which depend on the single particle energies of interacting nucleons. Since single particle energies can never be local quantities, the effective interaction with such a dependence is essentially "non-local", and thereby invalidates the relations (2 · 4) and (2 · 5). We, therefore, fix the starting energy \V, taking twice a mean single particle energy determined by a preliminary calculation: lV = -45.8 MeV for 16 Bl. The CJvf.-correction for (r 2 ) and (¢0 ITI¢0) is taken into account by using the "intrinsic" operators for G-0 and Bl. In the CHF calculation, the constraining monopole operator is also C.lVI.-corrected and in addition, in order to ensure the convergence, it is multiplied by an appropriate cutoff factor of the \IV oods-Saxon form! 3 l The calculations for SIII and SV are carried out by the use of the HF code due to Negele-Va utherin, 20 where the C.M.-correction is taken into account after the variation by the harmonic oscillator approximation. § 5. Results aml discussion Table I lists various properties of nuclear matter calculated with four different Table I . Properties of nuclear matter obtained with the four interactions. 
KMNM, KQNM (hwMiht2) NM.
All of the four interac-16 MeV, though other properties and the saturation mechanism are rather different between different interactions. The B1 force gives the saturation via the strong Majorana exchange component, SV via the strong quadratic momentum-dependence, while in G-0 and Sill the density-dependent terms play an essential role to reproduce the saturation properties. We note that the effective mass is very small (m*lm=0.4) for SV and B1. This is a general consequence of the saturation condition for densityindependent interactions: The effective mass for such interactions is almost completely determined by 25 
independently of detailed characters of effective interactions. In the case of the density-dependent interactions, Eq. (5 ·1) no longer holds and we can obtain a Table II . Properties of finite nuclei 16 •
Exp. !r----
E/A
., ' ,, Tables I and II , it is seen that the interaction which gives higher KLNM also gives higher KL in finite nucleus, though the absolute value in finite nucleus is substantially reduced compared with the nuclear matter value. A more interesting feature is found by making a comparison between the value of hwL 80 jhQ in finite nucleus and that in nuclear matter. The agreement is very good, in particular for G-0 and Bl. This indicates that the contributions to the ISGMRand ISGQR-energies from the effective interactions are essentially determined by the Landau parameters. Thus, the nuclear matter limits obtained by Eqs. (3 ·10) and (3 ·14) provide useful measures of the nuclear G.R. energies for a given interaction.
Comparison between hwMcHF(=Vm1jm_1) and hwM 80 (=Vm3/m1) gives an Information about the distribution of the monopole strength in RP A. The mean square fluctuation p about the mean energy is estimated by means of the inequality 10 > p 2 =m2/m0 -(m1/m0) 2 <(1/4) (m8/m 1 -m1jm_ 1) and, with G-0, the square root of (1/ 4) (m3/ m 1 -m 1/ m_ 1) becomes 5.66 (5.14) MeV for 16 0 ( 4°C a).
In 16 \V e have shown that, in this limit, the ISGQR energy is determined by the stiffness parameter of the quadrupole distortion of the Fermi surface, and hence the energy depends not only on the effective mass but also on the Landau parameter F,. Numerical calculations of the collective energies of the two G.R.'s have been carried out for 16 0 and 4°C a by employing four different effective interactions. For each interaction the ratio of the collective energy to the "oscillator frequency" has been shown to have a nearly common value in 16 0, 4°C a and nuclear matter, indicating that the dependence of the G.R. energies on the effective interactions is essentially determined by the Landau parameters. From a general argumemt it has been demonstrated that density-independent interactions can hardly reproduce the observed locations of the two G.R.'s simultaneously. The G-0 force, which has been derived from the nuclear matter theory, has turned out to be rather successful in reproducing the G.R. energies.
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This quantity vanishes for the interaction given by Eq. (2 · 8) and a spin-isospinindependent local operator Q. 
